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© Electroluminescent device with Improved cathode. 

@ An electroluminescent device is disclosed comprised of, in 
sequence, an anode, an organic hole transporting zone, an 
organic electron transporting zone, and a cathode. The cathode 
is comprised of a layer of a plurality of metals other than alkali 
metals, at least one of said metals having a work function of less 
than 4 eV. 
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ELECTROLUMINESCENT QEVICE WITH IMPROVED CATHODE 

This invention relates to organic electroluminescent devices. More specifically, this invention relates to 
devices which emit light from an organic layer positioned between anode and cathode electrodes when a 
vnitaae Is aDDlied across the electrodes. . 

While organic electroluminescent devices have been known for about two decades, the.r performance 
limitations have represented a barrier to many desirable applications. 

Gurnee et al U.S. Patent 3,172.862. issued March 9. 1965, filed Sept. 29, 1960, disclosed an organic 
electroluminescent device. (For brevity EL. the common acronym for electroluminescent, is sometimes 
substituted) The EL device was formed of an emitting layer positioned in conductive contact with a 
transparent electrode and a metal electrode. The. emitting layer was formed of a conjugat ed ngiifetert 
material, a conjugated organic activating agent having condensed benzene rings, and afmely diyided 
conduc ive material. Naphthalene, anthracene, phenanthrene. pyrene benzopyrene chrysene pcene. 
carbazole fluorene, biphenyl, terphenyls. quaterphenyls, triphenylene ox.de. dihalobiphenyl, trans-stilbene. 
and 1.4-di'phenylbutadiene were offered as examples of organic host materials. Anthracene ]T^Tarl^ 
oentacene were named as examples of activating agents, with anthracene being disclosed to impart a green 
hue and pentecene to impart a red hue. Chrome and brass were disclosed as examples of the metal etectrode 
while the transparent electrode was disclosed to be a conductive glass. The phosphor layer was d'sclosed to 
be "as thin as possible, about 0.0001 inch" - i.e.. 2.64 micrometers. Electroluminescence was reported at 800 

20 ^RecogS ^advantage of employing high voltages and frequencies Gurnee U.S. Patent 3.173.050 
reported electroluminescence at 110 volts d.c. by employing in series with the emitting layer an impedance 
layer capable of accounting for 5 to 50 percent of the voltage drop across the electrodes. 
Until relatively recently the art has reported at best modest performance improvements over Gurnee while 

25 resorting to Increasingly challenging device constructions, such as those requiring alkah metal ^* ode s Inert 
atmospheres relatively thick monocrystalline anthracene phosphor elements, and/or specialized device 
geomTtries Mehl U.S. Patent 3.382.394. Mehl et al U.S. Patent 3.530.325, Roth U.S. Patent 3.359.445. Williams 
etTui Patent 3.621.321. Williams U.S. Patent 3.772.556. Kawabe et al -Eta**"*™""" UflM 
Region in Doped Anthracene". Japan Journal of Applied Physics . Vol. 10. pp. 527-528, 1971 . and Partridge U.S. 

30 P t?96^e?n^ 

independently corroborated the performance levels of state of the art EL devices employing thick anthracene 
£^ 2£nt». alkali metal cathodes, and inert atmospheres to protect the alkali metal fro^p°ntaneous 
oxidation. These EL devices were more than 30 urn in thickness and required operating potentials of ™ re than 
36 300 volts, in attempting to reduce phosphor layer thickness and thereby achieve operation with potently levels 
below 50 volts Dresner attempted to coat anthracene powder between a conductive glass anode and a gold 
platinum or tellurium grid cathode, but phosphor layer thicknesses of less than 10 urn could not be 
successfully* achieved because of pinholes. , _ 

Dresner U.S. Patent 3,710.1 67 reported a more promising EL device employing like Gurnee et al and Gurnee 
40 a conjugated organic compound, but as the sole component of an emitting layer of less than i 10 ip 
(preferably 1 to 5 ,im) in thickness. A tunnel Injection cathode consisting of aluminum or degenerate N- silicon 
wtth a layer of the corresponding aluminum or silicon oxide of less 10 Angstroms in thickness was employed- 
The most recent discoveries in the art of organic EL device construction have resulted from EL device 
constructions with two extremely thin layers « 1.0 jtm in combined thickness) separatln g £e anode and 
cathode one specifically chosen to transport holes and the other specifically chosen to transport electrons 
^acting as the organic luminescent zone of the device. This has allowed app.led voltages to be red«cedfor 
the first time into ranges approaching compatability with integrated circuit drivers, such as field effect 
transistors. At the same time light outputs at these low driving voltages have been sufficient to permit 
observations under common ambient lighting conditions. 

For example, Tang U.S. Patent 4.356.429 discloses in Example 1 an EL device formed of a conductive glass 
transparent anode, a 1000 Angstroms hole transporting layer of copper phthalocyanine a IMC ^S^onis 
electron transporting layer of tetraphenylbutadiene in poly(styrene) also acting as the lum nescent zone ofthe 
device and a silver cathode. The EL device emitted blue light when biased at 20 volts at sr. average current 
density in the 30 to 40 mA/cm*. The brightness of the device was 5 cd/m*. Tang teaches useful cathodes to be 
those formed from common metals with a low work function, such as indium, silver, tin and aluminum 

A further improvement in organic layer EL devices is taught by Van Slyke et al US. Pd tent f^*"- 
Referring to Example 1, onto a transparent conductive glass anode were vacuum vapor deposited successive 
750 Angstrom hole transporting l,1-bis(4-di- E -tolylaminophenyl)cyclohexane and electron transporting 
4 4'-bis(5 7-di-t-pentyl-2-benzoxazolyl)stilbene layers, the latter also providing the luminescent zone of the 
60 device. Indium" was employed as the cathode. The EL device emitted blue-green light (520 nm P«ak). The 
maximum brightness achieved 340 cd/m* at a current density of about 140 mAW when the appl.ed voltage 
was 22 volts. The maximum power conversion efficiency was about 1 .4 X 10"* watt/watt, and the maximum EL 
quantum efficiency was about 1.2X 10"* photon/electron when driven at 20 volts. Silver, tin. lead, magnesium. 
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manganese, and aluminum are specifically mentioned for cathode construction. 

Although recent performance improvements In organic EL devices have suggested a potential for 
widespread use, most practical applications require limited voltage input or light output variance over an 
extended period of time. The stability of the device cathode has been a source of concern. Cathode 
degradation results in obtaining progressively lower current densities when a constant voltage Is appll d. 5 
Lower current densities in turn result in lower levels of light output. With a constant applied voltage practical 
EL device use terminates when light emission levels drop below acceptable levels -e.g.. readily visually 
detectable emission levels in ambient lighting. If the applied voltage is progressively Increased to hold light 
emission levels constant, the field across the EL device is correspondingly increased. Eventually a voltage 
level is required that cannot be conveniently supplied by the EL device driving circuitry or which produces a 10 
field gradient (volts/cm) exceeding the dieletric breakdown strength of the layers separating the electrodes, 
resulting in a catastrophic failure of the EL device. 

in choosing a cathode material it has been recognized that the lowest work function metals most readily 
release electrons for injection into the electron transporting layer providing the organic luminescent zone of 
the device. The lowest work function metals are alkali metals. Their instability in air renders alkali metals 15 
difficult to use In EL device manufacture and unattractive for use In simple device constructions requiring 
practical sheif and operating lifetimes. 

With alkali metals being rejected, the art has chosen to employ other low work function metals, such as 
magnesium, or to forego the electron injection advantages of lower work function metals in favor of greater 
cathode stability provided by somewhat higher work function metals, such as silver. 20 

Another difficulty that has arisen In the construction of organic EL devices is that It has not been possible 
prior to this Invention to achieve efficient light emission through a cathode formed of a low work function metal. 
Using a low work function metal such as magnesium as an example, attempts to form the metal layer thin 
enough to permit efficient light transmission has resulted In unacceptably high sheet resistance. On the other 
hand, when the cathode metal is coated thick enough to be acceptably conductive, less than half the light 25 
received Is transmitted. 

it is an object of this invention to provide an electroluminescent device comprising In sequence, an anode, 
an organic hole transporting zone, an organic electron transporting zone, and a cathode, where the cathode 
efficiently injects electrons and is stable. 

This object of the invention is achieved by an electroluminescent device characterized In that the cathode is 30 
comprised of a layer consisting essentially of a plurality of metals other than alkali metals, at least one of the 
metals having a work function of less than 4 eV. 

It has been discovered quite unexpectedly that the foregoing combination of a low work function metal and 
at least one other metal in the cathode of an organic EL device results in Improving the stability of the cathode 
and therefore the stability of the device as a whole. It has been observed that the Initial performance 35 
advantages of low work function metals other than alkali metals as cathode matertais are only slightly 
diminished when combined with more stable, higher work function metals while marked extensions of EL 
device lifetimes are realized with even small amounts of a second metal being present Further, the advantages 
in extended lifetimes can be realized even when the cathode metals are each low work function metals other 
than alkali metals. Additionally, the use of combinations of metals in forming the cathodes of the organic EL 40 
devices of this invention has resulted in unexpected advantages in fabrication, such as Improved acceptance 
by the electron transporting organic layer during vacuum vapor deposition of the cathode. 

Another unexpected advantage realized with the cathode metal combinations of this invention is that low 
work function metals can be employed to prepare cathodes which are light transmlsslve and at the same time 
exhibit low levels of sheet resistance. Thus, the option is afforded of organic EL device constructions In which 45 
the anode need not perform the function of light transmission, thereby affording new use opportunities for 
organic EL devices. 

These and other advantages of the present invention can be better appreciated by reference to the following 
detailed description considered in conjunction with the drawings, in which 

Figures 1 , 2, and 3 are schematic diagrams of EL devices ; GO 
Figures 4 and 5 are micrographs of conventional and Inventive cathodes, respectively. 

The drawings are necessarily of a schematic nature, since the thicknesses of the Individual layers are too 
thin and thickness differences of the various device elements too great to permtt depiction to scale or to 
permit proportionate scaling. 

An electroluminescent or EL device 100 according to the invention is schematically Illustrated In Figure 1. 55 
Anode 102 is separated from cathode 104 by an organic luminescent medium 106. The anode and the cathode 
are connected to an external power source 108 by conductors 110 and 11 2, respectively. The power source 
can be continuous direct current or alternating current voltage source or an intermittent current voltage 
source. Any convenient conventional power source. Including any desired switching circuitry, can be 
employed which is capable of positively biasing the anode with respect to the cathode. Either the anode or 60 
cathode can be at ground potential. 

The EL device can be viewed as a diode which is forward biased when the anode Is at a higher potential than 
the cathode. Under these conditions the anode injects holes (positive charge carriers), schematically shown at 
114, into the luminescent medium while the cathode injects electrons, schematically shown at 116, Into the 
luminescent medium. The portion of the luminescent medium adjacent the anode thus forms a hole 65 
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transoortino zone while the portion of the luminescent medium edjacent the cathode forms an electron 
ansporSg zone The injected holes and electrons each migrate toward the oppositely charged electrode^ 
Thte results in hole-electron recombination within the organic luminescent medium. When a migrating elect on 
droVs from its conduction potential to a valence band in filling a hole, energy .s released as light Hence the 
o ganic ?um inescent medium forms between the eiectrodes a luminescence zone receiving J mobile. charge 
triers from each electrode. Depending upon the choice of alternative constructions, the released light can 
bTemMed iZ .the luminescent material through one or more of edges 118 separating the electrodes, 
through the anode, through the cathode, or through any combination of the foregoing 

Reverse biasing of the electrodes disrupts charge injection, depletes the luminescent mrita^mM 
charge carriers, and terminates light emission. The most common mode of operat.ng organic EL devices is to 
employ a Toward biasing d.c. power source and to reply on external current interruption or modulabon to 

TKJSSTSS^ of the invention it is possible to maintain a current f^^TTSSS^ 
lioht emission while employing a relatively low voltage across the electrodes by limiting the total thickness of 
taorS^Wrt medhim to less than 1 urn (10.000 Angstroms). At a thickness of less than 1 Jim an 
iXKSSte results in a field potential of greater than 2 X 10» volts/cm which £ compatible with 
efflc tent light emission. As more specifically noted below, an order of magnitude reduction (to 0.1 or 1000 
Angstroms) in thickness of the organic luminescent medium, allowing further reductions in applied vol tags 
and/or Increase in the field potential, are well within device construction capabilities. 

I^e tne organic luminescent medium is quite thin, it is usually preferred to emit WtttunouQti mom of the 
two electrodes This is achieved by forming the electrode as a translucent or transparent coating^ erther orr he 
oTganicVuminescent medium or on a separate translucent or transparent support. Tte thickness „r he coating 
teSrmined by balancing light transmission (or extinction) and electrical conductance (or resistance). A 
^ticTbSSin forming a light transmissive metallic electrode is typically for the cc ^^?2?SI12 
fnTe thickness range of from about 50 to 250 Angstroms. Where the electrode is not intended to transmit 
lioht any greater thickness found convenient in fabrication can also be employed. . 

Oraante EL device 200 shown in Figure 2 is illustrative of one preferred embodiment of the Invention. 
Becaule of the historical development of organic EL devices it is customary to employ a transparent anode. 
tS^ fbeenSved by providmg a transparent Insulative support 201 onto which is deposited ^conductive 
SJS high work function metal or metal oxide transparent layer to form anode 203. 

oroanic luminescent medium immediately adjacent the anode acts as a hole transported z one the organic 
fumKlSmedlum is preferably formed by depositing on the anode a layer 205 of an organic material chosen 
KteSSSS efficiency. In the orientation of the device 200 shown the portion , * «a««ane 
lum nescent medium adjacent its upper surface constitutes an electron transporting zone and Is formed of a 
aye W o fZ ^ organic material chosen for its electron transporting efficiency. With preferrec choices of 
materials described below, forming the layers 205 and 207. the latter also forms tfie zone in which 
Illmines^nce occurs. The cathode 209 is conveniently formed by deposition on the upper layer of the organic 

IU ?martrEL m d e e?fce'300 shown in Figure 3 is illustrative of another preferred embodiment of the Invention, 
con 3 to The Nstorical pattern of organic EL device development, light emission from the device 300 .s 
Soua7the ZlurSsStZ., transparent or substantially transparent) cathode 309. While the anode of 
KeSce 3W) can be formed identicaityas the device 200. thereby permitting light emission th ro^ both 
™cde and cathode, in the preferred form shown the device 300 employs an opaque ^ge conducting 
etern^to form the anode 301. such as a relatively high work function metallic ^^^^^ 
e ectron transporting layers 305 and 307 can be identical to the corresponding layers 205 and 207 of the device 

employs a thin, light transmissive (e.g.. transparent of substantially transparent) cathode in place of the 
opaque cathode customarily included in organic EL devices. 

Tewing organic EL devices 200 and 300 together, it is apparent that the present invention offers the option 
of mounting the devices on either a positive or negative polarity opaque substrate ^ athorie , 
Unexpected fabrication, performance, and stability advantages have been realizec I by forming the cathode 
of a combination of a low work function metal and at least one other metal. A low work function meta is herein 
deLedaTa metal having a work function of less than 4 eV. Generally the lower the work funcfon of the metal 
the lower th^voTtage required for electron injection into the organic luminescent medium. However, alkali 
metaTthe lowest work function metals, are too reactive to achieve stable EL device Performance wrths mple 
device constructions and construction procedures and are excluded (apart from impurity concentrations) 

^vS.^ cathode (other a.kaii metals) are f^SSSSS^ 

the Periodic Table of Elements and categorized into 0.5 eV work function groups. All work functions prov.ded 
60 are taken Sze, Physics of Semiconductor Devices . Wiley. N.Y.. 1969. p. 366. 



30 



35 



40 



45 



50 



55 



65 

4 



0 278 757 

Work Function 



Period 


Element 


Bv eU Group 




2 


Beryllium 


3.5 - 4.0 


5 


3 


Magnesium 


3.5 - 4.0 




4 


Calcium 


2.5 - 3.0 






Scandium 


3.0-3.5 


10 




Titanium 


3.5 - 4.0 






Manganese 


3.5 - 4.0 






Gallium 


3.5 - 4.0 


15 


5 


Strontium 


2.0 - 2.5 






Yttrium 


3.0 - 3.5 






Indium 


3.5 - 4.0 


20 


5 


Barium 


~2 . 5 






Lanthanum 


3.0 - 3.5 






Cerium 


2.5 - 3.0 


SB 




Praseodymium 


2.5 - 3.0 






Neodymium 


3.0 - 3.5 






Promethium 


3.0 - 3.5 


30 




Samarium 


3.0 - 3.5 






Europium 


2.5 - 3.0 






Gadolinium 


3.0 - 3.5 


35 




Terbium 


•3.0 - 3.5 






Dy s pro.sium 


3.0 - 3.5 






Holmium 


3.0-3.5 


40 




Erbium 


3.0 - 3.5 






Thulium 


3.0 - 3.5 






Ytterbium 


2.5 - 3.0 


45 




Lute tium 


3.0 - 3.5 






Hafnium 


~3 .5 




7 


Radium 


3.0 - 3.5 


50 




Actinium 


2.5 - 3.0 






Thorium 


3.0 - 3.5 






Uranium 


3.0 - 3.5 


55 



60 



From the foregoing listing it is apparent that the available low work function metals for the most part belong 
to the Group Ha or alkaline earth group of metals, the Group II! group of metals (Including the rare earth 
metals-i.e. yttrium and the lanthanldes, but excluding boron and aluminum), and the actlnlde groups of & 
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"SEE £ £ JSEZ&SfiSZ greater) metal choices for the cathode are listed be.ow by periods 
of tte Periodte of Elements and categorized into 0.5 eV work funct.cn groups. 



Period 
2 

3 
4 



55 





Work Function 


FT ompnt 


By Group 


ft r> i° n n 


4.5 


O v» I«\ ✓""i r% 

LarDOn 


4.5 — 5.0 


Aluminum 


4.0 - 4.5 


Uanadium 


4.0 - 4.5 


Chromium 


4.5 - 5.0 


Iron 


4.0 - 4.5 


Cobalt 


4.0 - 4.5 


Nickel 


A*. 5 


Copper 


4.0 - 4.5 


Zinc 


4.0 - 4.5 


Germanium 


4.5 - 5.0 


Arsenic 


5.0 - 5.5 


Selenium 


4.5 - 5.0 


Molybdenum 


4.0 - 4.5 


Technetium 


4.0 - 4.5 


Ruthenium 


4.5 - 5.0 


Rhodium 


4.5 - 5.0 


Palladium 


4.5 - 5.0 


Siluer 


4.0 - 4.5 



60 



65 



6 



0 278 757 



Cadmium 


4.0 - 4.5 




Tin 


4.0 - 4.5 




Antimony 


4.0 - 4.5 


5 


Tellurium 


4.5 - 5.0 




Tantalum 


4.0 -4.5 




Tungsten 


/\>4 , 5 


10 


Rhenium 


aj5 .0 




Osmium 


4.5 - 5.0 




Iridium 


5.5 - 6,0 


15 


Platinum 


5.5 - 6.0 




Gold 


4.5-5.0 




Mercury 


~4.5 


20 


Lead 


/v4.0 




Bismuth 


4.0 - 4.5 




Polonium 


4.5 - 5.0 


25 



35 



40 



45 



From the foregoing listing of available metals having a work function of 4 eV or greater attractive higher work 
function metals for the most part are accounted for by aluminum, the Group lb metals (copper, silver, and 
gold), the metals in Groups IV, V, and VI, and the Group VIII transition metals, particularly the noble metals from 
this group. Aluminum, copper, silver, gold, tin, lead, bismuth, tellurium, and antimony are particularly preferred 
higher work function second metals for Incorporation in the cathode. 

There are several reasons for not restricting the choice of the second metal based on either Its work 
function or oxidative stability. The second metal is only a minor component of the cathode. One of Its primary 
functions is to stabilize the first, low work function metal, and t surprisingly, it accomplishes this objective 
Independent of its own work function and susceptibility to oxidation. 

A second valuable function which the second metal performs is to reduce the sheet resistance of the 
cathode as a function of the thickness of the cathode. Since acceptably low sheet resistance levels (less than 
100 ohms per square) can be realized at low cathode thicknesses (less than 250 Angstroms), cathodes can be 
formed which exhibit high levels of light transmission. This permits highly stable, thin, transparent cathodes of 
acceptably low resistance levels and high electron Injecting efficiencies to be achieved for the first time. This In 
turn permits (but does not require) the organic EL devices of this invention to be constructed with light 
transmisslve cathodes and frees the organic EL devices of any necessity of having a light transmlsslve anode 
to achieve light emission through an electrode area. 

A third valuable function which the second metal has been observed to perform Is to facilitate vacuum vapor 
deposition of a first metal onto the organic luminescent medium of the EL device. In vapor deposition less 
metal is deposited on the walls of the vacuum chamber and more metal is deposited on the organic 
luminescent medium when a second metal is also deposited. The efficacy of the second metal In stabilizing 
organic EL device, reducing the sheet resistance of thin cathodes, and in improving acceptance of the first 
metal by the organic luminescence medium Is demonstrated by the examples below. 

Only a very small proportion of a second metal need be present to achieve these advantages. Only about 0.1 
percent of the total metal atoms of the cathode need be accounted for by the second metal to achieve a 
substantial improvement. Where the second metal is Itself a low work function metal, both the first and second 
metals are low work function metals, and it is immaterial which is regarded as the first metal and which Is 
regarded as the second metal. For example, the cathode composition can range from about 0.1 percent of the 
metal atoms of the cathode being accounted for by one low work func tlon metal to about 0.1 percent of the 
total metal atoms being accounted for by a second low work function metal. Preferably one of the two metals 
accounts for at least 1 percent and optimally at least 2 percent of the total metal atoms present. 

When the second metal is a relatively higher (at least 4.0 eV) work function metal, the . low work function 
metal preferably accounts for greater than 50 percent of the total metal atoms of the cathode. This Is to avoid 
reduction in electron injection efficiency by the cathode, but it Is also predicated on the observation that the 
benefits of adding a second metal are essentially realized when the second metal accounts for less than 20 
percent of the total metal atoms of the cathode. ^ 

Although the foregoing discussion has been In terms of a binary combination of metaJs forming the cath d , 
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it is of course, appreciated that combinations of three, four, or even higher numbers of metals are possible 
andean be employed, if desired. The proportions of the first metal noted above can be accounted for by any 
convenient combination of low work function metals and the proportions of the second metal can be 
accounted for any combination of high and/or low work function metals. , 

While the second metal or metals can be relied upon to enhance electrical conductivity, their minor 
nroDortion of the total cathode metal renders it unnecessary that these metals be present in an electrically 
conducting form. The second metal or metals can be present as compounds (e.g., lead . tin, or antimony 
SS 0 or in en oxidized form, such as in the form of one or more metal oxides or salts. Since the first, low 
work function metal or metals account for the major proportion of the cathode metal content and are . ntad 
upon for electron conduction, they are preferably employed in their elemental form, although some oxidation 

m The mann™ inwhteh the presence of a second metal physically intervenes to enhance cathode stability and 
light transmission enhancement while reducing sheet resistance can be appreciated by comparing F«um4 
and 5. Figure 4 is a micrograph, enlarged to the scale Indicated, of a vacuum vapor deposited conventional 
prior art cathode consisting of magnesium. The thickness of the magnesium coa ing is 2000 Angstroms. The 
non-unYformity of the coating, detracting both from its electrical conductivity and ,ts abUlty to transmit light, is 
readily apparent. Because of its non-uniformity the coating is also more readily penetrable and therefore more 
susceDtible to oxidative degradation. . , , 

In direct contrast, the cathode of Figure 5 illustrating the invention, also 2000 Angstroms in thickness, is 
pa smooth and featureless. This cathode is formed by the vacuum vapor depositions of magnesium and silver. 
wKh the magnesium and silver being present in an atomic ratio of 10:1 . That is. the silver atoms are Present in a 
concentration of 9 percent of total metal atoms present. The Imperceptibly low granularity of the invent on 
cathode- Is indicative of a higher and more uniform coverage of the deposition substrate. Identical substrates 
were employed in forming the Figures 4 and 5 coatings. ...u„m,„, * 

25 In depositing the first metal alone onto a substrate or onto the organic luminescent medium, v^ether from 
solution or preferably, from the vapor phase, initial, spatially separated deposits of he first metal form nuclei 
for subsequent deposition. Subsequent deposition leads to the growth of these nuclei into microcrystals The 
result is an uneven and random distribution of microcrystals. leading to a non-uniform cathode. By pre sent.ng 
a second metal during at least one of the nucleation and growth stages and. preferably, both, the high degree 
30 of symmetry which a single element affords is reduced. Since no two substances form crystal ceHs of exactly 
the same habit and size, any second metal reduces the degree of symmetry and at least to some extent acts to 
retard microcrystal growth. Where the first and second metals have distinctive crystal habits. spatial symmetry 
is further reduced and microcrystal growth is further retarded. Retarding microcrystal growth favors the 
formation of additional nucleation sites. In this way the number of deposition sites is increased and a more 

35 ^Se^^™^^ choice of metals, the second metal, where more compatible with the 
substrate, can produce a disproportionate number of the nucleation sites, with the first metel then deposing 
at these nucleation sites. Such a mechanism may. if fact, accountforthe observation Wat, with a second metal 
present, the efficiency with which the first metal is accepted by a substrate is significantly enhanced. It has 

40 been observed, for example, that less deposition of the first metal occurs on vacuum chamber walls when a 

Se The1iret et and S sScond metels^ tife cathode are intimately intermingled, being co-deposited. That is. the 
deposition of neither the first nor second metals is completed before at least a portion of the rand nlng metal 
is deposited. Simultaneous deposition of the first and second metals is generally prefe nred Alte mative* 
successive incremental depositions of the first and second metals can be undertaken, which at their limit may 
approximate concurrent deposition. 

While not required, the cathode, once formed can be given post treatments. For example, the cath ode may 
be heated within the stability limits of the substrate in a reducing atmosphere. Other action on the cathode can 
be undertaken as a conventionally attendant feature of lead bonding or device encapsulation. 

The organic luminescent medium of the EL devices of this invention preferably contain at least two separate 
organic layers, at least one layer forming a zone for transporting electrons injected from the cathode and at 
least one layer forming a zone for transporting holes injected from the anode. The latter zone is in turn 
oreferablv formed of at least two layers, one. located in contact with the anode, providing a hole injecting zone 
and the remaining layer, interposed between the layer forming the hole injecting zone and the layer providing 
Z Tetecfron transporting zone, providing a hole transporting zone. While the description which follows is 
directed to the preferred embodiments of organic EL devices according to this invention which employ at least 
three separate organic layers, it is appreciated that either the layer forming the hole injecting zone or the layer 
forming the hole transporting zone can be omitted and the remaining layer will perform both functions. Higher 
initial and sustained performance levels of the organic EL devices of this invention are realized when the 
separate hole injecting and hole transporting layers described below are employed in combination. 

A layer containing a porphyrinic compound forms the hole injecting zone of the organic EL device. A 
porphyrinic compound is any compound, natural or synthetic, which is derived from or includes the poiphynn 
structure Any of the porphyrinic compounds disclosed by Adler U.S. Patent 3.935.031 or Tang U.S. Patent 
4,356,429, can be employed. 
65 Preferred porphyrinic compounds are those of structural formula (I): 
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wherein 

Q is -N= or -C(R)«; 

M is a metal, metal oxide, or metal halide; 

R Is hydrogen, alkyl, aralkyl, aryl, or alkaryl, and 

T 1 and T 2 represent hydrogen or together complete a unsaturated 6 membered ring, which can Include 
substltuents, such as alkyl or halogen. Preferred alkyl moieties contain from about 1 to 6 carbon atom* while 25 
phenyl constitutes a preferred aryl moiety. 

In an alternative preferred form the porphyrinic compounds differ from those of structural formula (I) by 
substitution of two hydrogen for the metal atom, as indicated by formula (II): 

30 



(ID 




35 



40 



45 



Highly preferred examples of useful porphyrinic compounds are metal free phthalocyanlnes and metal 
containing phthalocyanines. While the porphyrinic compounds In general antf fcie phthalocyanlnes In particular > 
can contain any metal, the metal preferably has a positive valence of two or hjgfa*. Exemplary preferred metals 
are cobalt, magnesium, zinc, palladium, nickel, and, particularly, copper, fai^d, and platinum. 

illustrative of useful porphyrinic compounds are the following: 

PC-1 Porphine 

PC-2 1,10,15,20-Tetraphenyl-2tH,23H-poiphine copper (II) 1 

PC-3 1,10J5,20-Tetraphenyl-21H,23H-porphlne zinc (II) 

PC-4 5.10 i 15,20-Tetrakis(pentafluorophenyl)-21H,23H-porphine 

PC-5 Silicon phthalocyanine oxide 

PC-6 Aluminum phthalocyanine chloride 

PC-7 Phthalocyanine (metal free) 

PC-8 Dilithium phthalocyanine 

PC-9 Copper tetramethy I phthalocyanine 

PC-10 Copper phthalocyanine 

PC-11 Chromium phthalocyanine fluoride 

PC-1 2 Zinc phthalocyanin ' 
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10 



PC-13 Lead phthalocyanine 

PC-14 Titanium phthalocyanine oxide 

PC-15 Magnesium phthalocyanine 

moieties. Such compounds include those represented by structural formula (III). 



15 d IJ > • Q l q 2 



20 where^ independently aromatic tertiary amine moieties and 

G is a linking group such an arylene, cycloalkylene, or alkylene group or a carbon to bond 

A particuS^ class of triarylamines satisfying structural formula (111) and conta.n.ng two 

triarylamine moieties are those satisfying structural formula (IV): 



25 
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R* 



35 ^and R* each independently represents a hydrogen atom, an aiyl group or alkyl group or FP and R* 
amino group, as indicated by structural formula (V): 



< U > ,R 5 



R 6 



"^^^^^535 SffS tetraary.diam.nes h Preferred tetraaryjdiamines 
indude t^o diSlamino groups, such as indicated by formula (V). linked through an arylene group. Preferred 
tetraaryldiamines include those represented by formula (VI). 



(VI) 




wherein 

Are is an arylene group, 
qq n is an integer of from 1 to 4, and 

Ar R 7 R8 and R 9 are independently selected aryl groups. 

The variouTalkyl alkylene, aryl, and arylene moieties of the foregoing structural formulae (111), (IV) (V), and 
M San "each in tu n bTsubied. Typical substituents including alkyl groups, alkoxy groups aryl groups 
K groups" and halogen such as fluoride, chloride, and bromide. The various S 
ScS contain from about 1 to 5 carbon atoms. The cycloalkyl moieties can contain from about 3 to about 10 
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carbon atoms, but typically contain five, six, or seven ring carbon atoms— e.g., cycloperrtyl, cyclohexyl, and 
cycloheptyl ring structures. The aryl and arylene moieties are preferably phenyl and phenylene moieties. 

While the entire hole transporting layer of the organic electrolumlnesce medium can be formed of a single 
aromatic tertiary amine, it is a further recognition of this invention that Increased sta bllRy c*n be realized by 
employing a combination of aromatic tertiary amines. Specifically, as demonstrated In the examples below, It 5 
has been observed that employing a triarylamine, such as a triarylamine satisfying formula (IV). in combination 
with a tetraaryldiamine, such as indicated by formula (VI), can be advantageous. When a triarylamine is 
employed in combination with a tetraaryldiamine, the latter is positioned as a layer interposed between the 
triarylamine and the electron injecting and transporting layer. 

Representative useful aromatic tertiary amines are disclosed by Berwick et al U.S. Patent 4,175,960 and Van 10 
Slyke et al U.S. Patent 4,539,507. Berwick et al in addition discloses as useful hole transporting compounds N 
substituted carbazoles, which can be viewed as ring bridged variants of the diaryl and triarylamines disclosed 
above. 

Illustrative of useful aromatic tertiary amines are the following: 

ATA-1 1 ,1 -Bis(4-di-p-tolylaminophenyl)cyclohexane 15 

ATA-2 l,1-Bis(4-di-p-tolylaminophenyl)-4-phenylcyclohexane 

ATA-3 4,4'-Bis(diphenylamino)quadriphenyl 

ATA-4 Bis(4-dimethylamino-2-methylphenyl)-phenylmethane 

ATA-5 N,N t N-Tri(g-tolyl)amine 

ATA-6 4-(di-g-tolylamino)-4'-[4(di-p : -toiyiamino)styryl]stllbene 20 
ATA-7 N,N,N' f N'-Tetra-£-tolyl-4,4'-diamlnoblphenyl 
ATA-8 N,N.N'.N'-Tetraphenyl-4,4'-diaminoblblphenyl 
ATA-9 N-Phenylcarbazole 
ATA-1 0 Poly ( N-vinylcarbazole) 

Any conventional electron injecting and transporting compound or compounds can be employed in forming 25 
the layer of the organic luminescent medium adjacent the cathode. This layer can be formed by hlstortcafly 
taught luminescent materials, such as anthracene, naphthalene, phenanthrene, pyrene, chrysene. and 
perylene and other fused ring luminescent materials containing up to about 8 fused rings as Illustrated by 
Gurnee et al U.S. Patent 3,172,862, Gurnee U.S. Patent 3,173,050, Dresner, "Double Injection Electrolumines- 
cence in Anthracene", RCA Review , Vol. 30, pp. 322-334, 1969; and Dresner U.S. Patent 3,710,167. cited 30 
above. Although such fused ring luminescent materials do not lend themselves to forming thin (< 1 urn) films 
and therefore do not lend themselves to achieving the highest attainable EL device performance levels, 
organic EL devices incorporating such luminescent materials when constructed according to the Invention 
show improvements in performance and stability over otherwise comparable prior art EL devices. 

Among electron transporting compounds useful in forming thin films are the butadienes, such as 35 
1,4-diphenylbutadlene and tetraphenylbutadiene; coumarins; and stllbenes, such as trans-stllbene, disclosed 
by Tang U.S. Patent 4,356,429, cited above. 

Still other thin film forming electron transporting compounds which can be used to form the layer adjacent 
the cathode are optical brighteners, particularly those disclosed by Van Slyke et al U.S. Patent 4,539,507, cited 
above. Useful optical brighteners include those satisfying structural formulae (VII) and (VIII): 40 



(VII) 



Rl ^yV_ y _./W or 



R 



(VIII) 3 5 



R 



50 



55 



wherein 

ri R3 t anc j r4 are individually hydrogen; saturated aliphatic of from 1 to 10 carbon atoms, for example, 
propyl, t-butyi, heptyl, and the like; aryl of from 6 to 10 carbon atoms, for example, phenyl and naphthyl; or halo 
such as chloro, f luoro, and the like; or R 1 and R 2 or R 3 and R 4 taken together comprise the atoms necessary to 
complete a fused aromatic ring optionally bearing at least one saturated aliphatic of from 1 to 10 carbon atoms, 
such as methyl, ethyl, propyl and the like; 
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R5 is a saturated aliphatic of from 1 to 20 carbon atoms, such as methyl, ethyl, n-eicosyl. and the like; aryl of 
from 6 to 10 carbon atoms, for example, phenyl and naphthyl; carboxyl; ^ydrogen; cyano; or - tata 
chloro. fluoro and the like; provided that in formula (VII) at least two of R3, R 4 and R* are saturated ahphatic of 
from 3 to 10 carbon atoms, e.g., propyl, butyl, heptyl and the like; 

Z is -O-, -NH-, or -S-; and 
Y Is 



_R 6 <-CH=CH^R 6 - 



-< > 



— in 



-CH=CH-, 



•fCH=CH-r^R -ecH: 



i=ch^. -<r t. 



wherein 

m Is an integer of from 0 to 4; j ... j 

n is arylene of from 6 to 10 carbon atoms, for example, phenylene and naphthylene; and 

jJijS^^^S^^ substituted aliphatic as well as unsubstituted aliphatic. The substthienU lin 
the case of substituted aliphatic Include alkyl of from 1 to 5 carbon atoms, for example, methyl, ethyl prop* 
and the like; aryl of from 6 to 10 carbon atoms, for example, phenyl and naphthyl: halo, such as oNwOjUoro 
and the like- nitro; and alkoxy having 1 to 5 carbon atoms, for example, methoxy. ethoxy propoxy. and the like. 

StiH other optical brighteners that are contemplated to be useful are listed In Vol 5 of Chemistry of Syndetic 
pyts, 1971, pages 618-637 and 640. Those that are not already thin-film-forming can be rendered so by 
attaching an aliphatic moiety to one or both end rings. nman ir pi 

Particularly preferred for use In forming the electron injecting and transporting layers of the organic EL 
devices of this inventions are metal chelated oxinoid compounds, including chelates of oxine (akso common* 
referred to as 8-quinolinol or 8-hydroxyquinoline). Such compounds exhibit both high levels Of Performance 
and are readily fabricated in the form of thin films. Exemplary of contemplated oxinoid compounds are those 
satisfying structural formula (IX): 
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(IX) 




10 



— n 



i 



15 




- n 



20 



SO 



wherein 
Me represents a metal; 
n is an integer of from 1 to 3; and 

2 independently in each occurrence represents the atoms completing a nucleus having at least two fused 
aromatic rings. 4 . _ 

From the foregoing it is apparent that the metal can be monovalent, divalent, or trtvalent metal. The metal 
can, for example, be an alkali metal, such as lithium, sodium, or potassium; an alkaline earth metal, such as 
magnesium or calcium; or an earth metal, such as boron or aluminum. Generally any monovalent, divalent, or 
trivalent metal known to be a useful chelating metal can be employed. 

Z completes a heterocyclic nucleus containing at least two fused aromatic rings, at one of which Is an azole 
or azine ring. Additional rings, including both aliphatic and aromatic rings, can be fused with the two required 
rings, if required. To avoid adding molecular bulk without improving on function the number of ring atoms Is 
preferably maintained at 18 or less. 

Illustrative of useful chelated oxinoid compounds are the following: 

CO-1 Aluminum trisoxine [a.k.a., tris(8-quinoilnol) aluminum] 

CO-2 Magnesium bisoxine [a.k.a., bl&ft-quinolinol) magnesium] 

CO-3 Bis[benzo{f}-8-quinolinol] zinc 

CO-4 Bis(2-methyl-8-quinolinolato) aluminum oxide 

CO-5 Indium trisoxine [a.k.a., tris(8-quinollnol) indium] 

CO-6 Aluminum tris(5-methyloxine) [a.k.a.. tris(5-methyl-8-qulnolinol) aluminum 
CO-7 Lithium oxine (a.k.a., 8-quinolinol lithium] 

CO-8 Gallium tris(5-chlorooxine) [a.k.a., trls(5-chloro-8-qulnolinol) gallium] 
CO-9 Calcium bis(5-chlorooxine) [a.k.a., bis(5-chloro-8-quInollnol) calcium] 
CO-10 Poly[zinc (H)-bis(8-hydroxy5-quinollnyl)methane] 
CO-11 Diiithium epindolidione 

In the organic EL devices of the invention it is possible to maintain a current density compatible with efficient 
light emission while employing a relatively low voltage across the electrodes by limiting the total thickness of 
the organic luminescent medium to less than 1 urn (10,000 Angstroms). At a thickness of less than 1 Jim an 
applied voltage of 20 volts results in a field potential of greater than 2 X 10 6 volts/cm, which Is compatible with 
efficient light emission. An order of magnitude reduction (to 0.1 pin or 1000 Angstroms) In thickness of the 
organic luminescent medium, allowing further reductions in applied voltage and/or Increase in the field 
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among the hjh (> 4) work function metals listed above. An opaque anode can be formed of an opaque metal 
60 layer on a support or as a separate metal foil or sheet. 

S Ts¥jMemk» ana «. advantage. « f u nn„ unM by th. .paclK 
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The term "cell" as employed In the examples denotes an organic EL device. 

Example 1 Mg and Ag Cathode 

a) A substrate of indium tin oxide (ITO) coated soda lime glass was polished using 0.05 unri alumina 
abrasive for a few minutes, followed by ultrasonic cleaning in a 1 :1 (volume) mixture of isopropyl alcohol 5 
and distilled water. It was then rinsed with isopropyl alcohol and blown dry with nitrogen. 

b) The hole transporting layer, ATA-1, (-750 A) was deposited on the ITO substrate by vacuum 
deposition. The material was evaporated from a quartz boat heated by a tungsten filament. 

c) CO-1 (-750 A) was deposited on top of the ATA-1 layer. The material was evaporated from a quartz 
boat heated by a tungsten filament. 10 

d) A (Mg:Ag) electrode ( -4000 A) was then deposited on top of the CO-1 film through a shadow mask 
of 0.1 cm 2 aperture which defined the active area of the electroluminescent cell. The Mg:Ag electrode was 
deposited using a two-source evaporation technique. Mg and Ag were co-evaporated from two separate 
sources. For Mg, a tantalum boat with perforated cover was used. For Ag an open tantalum boat was 
suitable. The rates of deposition, monitored independently by two thickness monitors, were adjusted to 15 
give the desired composition of Mg/Ag mixture film. A useful composition was about 10:1 (atomic ratio) of 
Mg:Ag. 

e) In electroluminescent operation, a positive voltage was applied to the ITO electrode and the (Mg:Ag) 
electrode was connected to ground via an ammeter. The light emitted by the cell was detected by a 
radiometer or photometer. The cell be£an to emit green light at an applied voltage of about 3 volts and 20 
reached the 0.05 mW/cm 2 level at about 5 volts. Since 1 mW/cm 2 is equal to 950 cd/m 2 for green light, It Is 
apparent that the EL device emitted light was clearly visible In ambient room light. The power of the 
emitted light reached 13 mW/cm 2 , at about 15 volts. Beyond this level the cell suffered Irreversible 
breakdown. The power conversion efficiency at the light output of 0,05mW/cm 2 was about 4.5 x 10" 3 
W/W. 25 

f) For stability testing the cell was continuously operated in a dry argon ambient. The cell was driven by 
a constant current source providing 5 mA/cm 2 at about 7 volts. The Initial light output was 0.13 mW/cm 2 . 
The life to half brightness, i.e., the time taken for the light level to drop from 0.13 mW/cm 2 to 0.06 
mW/cm 2 , was about 140 hours. 

30 

Example 2 In Cathode (a comparative example) 

A glass/ITO/ATA-1 /CO-1 -Cathode-metal cell was prepared as described in Example 1, except that the 
cathode-metal was an evaporated indium film of about 5000 A thickness. It began to emit green light at about 6 
volts and reached 0.05 mW/cm 2 light level at about 7.5 volts requiring a current density of 6.5 mA/cm 2 . The 
power conversion efficiency of this cell operating at 0.05 mW/cm 2 light output was 1 x 10~ 3 W/W. This 35 
efficiency is about a factor of 5 lower compared with the efficiency of the EL cell of Example 1 using Mg:Ag 
electrode. 

The indium electrode cell was tested for operational stability In a dry argon ambient as In Example 1 . In order 
to achieve the same brightness level as the MgrAg electroded ceil of Example 1, the cell was driven at a 
constant current of 20 mA/cm 2 which provided an initial brightness of 0.15 mW/cm 2 . Under these conditions 40 
the brightness degraded rapidly. The life to half brightness was less than 1 hour. The brightness decreased by 
80% in less than 10 hours. 

Example 3 Ag.'Rare Earth Cathode 

A glass/rro/ATG-1 /CO-1 /cathode cell was prepared as described in Example 1, except that the cathode 45 
was a mixed layer of Ag and Eu. The (Ag + Eu) cathode was prepared by co-evaporation from separate Ag and 
Eu sources. The weight ratio of the Ag to Eu was about 1 :1 and the total thickness was about 2000 A. 

The cell required low voltage for EL operation. The cell began to emit green light at about 3 vofts r and 
reached the 0.05 mW/cm 2 level at about 6.5 vfclts. The maximum light power attainable was about 10 mVWcm 2 
before breakdown. The power conversion efficiency was about 4 x 10~ 3 WAJVat an output light level of 0.0& BO 
mW/cm 2 . 

The stability of this cell was comparable to that of the Mg :Ag ceil of Example 1 . The cell ceuld operate above 
the 0.05 mW/cm 2 light level for more than 50 hours. 

Example 4 Eu cathode (a comparative example) 65 
A glass/ITO/ATA-1 /CO-1 /cathode cell was prepared as described In Example 3, except that the cathode 

was pure Eu. The Eu layer was about 5000 A thick and was prepared by vacuum deposition. 
This Eu cathode was found to be very sensitive to oxygen and moisture. The cathode was raptafly tatfttehed 

when first removed from the vacuum evaporator. The EL cell made with thfe Gathode was norVfcpeHat&naJ. 
This example illustrates the need for the stabilizing effect of a mixed (AgrEu) cathode as described in 60 

Example 3. 

Example 5 Adhesion Enhancement 

Vapor deposition of Mg on a chelated oxinold thin film, such as CO-1, was greatly enhanced by 
co-deposition with Ag or other nucleating metals such as Cr, In, Ti, etc. rt was found very difficult to deposit Mg 65 
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alnn6 nn fln oraanic thin fl| m Mg vapor atoms tended not to stick on the organic film, resulting in deposition of 
So oJ SSSESTt^ Intern rather than on the organic f,.m. Using a co-deposition technique even 
Xa ve^ small amount of nucleating metal, such as Ag. a smooth MgjAg film was ; deposed on the organ.c 
Sm which was useful in an EL cell and any deposition on system fixtures was reduced. 

f "h T^-A?oM electrodes were usefu. In conjunction with many organic EL 

with 15 volts for the cell with the In cathode. 

20 Example 1 % 

2 of t^r^s^measure6. Table II below compares resistivity and transmission when the sole difference 
is omission of silver during cathode deposition. 



10 



15 



30 



35 



40 



45 



50 



55 



60 



65 



16 



0 278 757 

TABLE I (Example) 
Glass substrate/CO-l (750A)/Mg:flg (10: 1) 
Sheet Percent 
Thickness Resistance Transmission 

A ohms/square (3 550 nm 

50 1460 76 

70 420 69 

100 68 47 

125 44 33 

150 40 29 

120 28 15 

TABLE II (Comparison) 
Glass substrate/CO-1 (750A)/Mg 
Sheet Percent 
Thickness Resistance Transmission 



10 



15 



20 



25 



A ohms/square 0 550 nm 

50 >1 X 10 7 87 

70 >1 X 10 7 87 30 

100 >1 X 10 7 60 

125 >1 X 10 7 50 

150 2.48 X 10 3 43 35 

200 1.52 X 10 2 34 



40 

From comparison of the data in Tables I and II it is apparent that the presence of Ag markedly reduces 
resistivity without significantly decreasing the percentage of light transmitted at any given cathode layer 
thickness. 

Example 9 Varied Mg:Ag Ratios 46 

An essentially similar procedure as reported in Example 8 was performed, except that In this instance a 
series of cathode coatings were formed of 140 Angstroms in thickness differing only In their proportions of Mg 
and Ag. Deposition was directly on glass, the CO-1 layer being omitted. The effect of varied ratios of Mg and 
Ag are summarized in Table III. ^ 
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TABLE III 
Glass substratp /Mg: Aari40A) 



Sa 









Sheet 


Percent 




fit. 


ratio 


Resistance 


Transmission 


imple 


MS 


A<1 


ohms/square 


0 550 nm 




23 


1 


10 


4 


29.6 


2 


10 


2 


57.6 


22 


3 


10 


1 


39.2 


21 


4 


10 


0.5 


31.2 


20 


5 


10 


0.2 


28.0 


25 


6 


10 


0 


>1 X io 7 


41 



From Table III it is apparent that over the range of Mg:Ag atomic ratios of 10:4 to 0.2 the sheet resistance 
Sned n the 30 to 60 ohms/square range while the percentage of light transm ted remained Un ite 20 to 25 
peTcem mnge. However, with silver absent, the cathode layer became essentially nonconducting. 

Example 10 Visual Compariso ns of Cathode Uniformity awata-7 (375 A1/C0-1 (635 

Two EL cells of the follow ing structure were prepared: Glass/ITO (375 A)/ATA-7 (375 aj/ou i two 
Ai/Cathode. The cathodes were in both instances 2000 Angstoms In th'ckness. in the other EL 

n one EL cell the cathode was a control formed by the vacuum vapor deposrtion of Mg onfy. In the other EL 
ce Hhe cathode ™ formed of a 10:1 atomic ratio of Mg:Ag. The optical micrographs ( 000X magnificat on) 
^eal a granSrstructure for the Mg cathode (Figure 4) as compared to a "^^^SSmSS 
for the Mg:Ag cathode (Figure 5). The granular or island structure of the of Mg only deposit is believed to 
account for the poor conductivity of this metal alone at low thickness levels. 

the low work function component and a variety of other elements as the stab.lizing component. The 
electroluminescent cells have the following configuration: . 

Qlass/ITO/PC-10(375A)/ ATA-7(357A)/CO-1 625A /Cathode(2000A) _ M . c ^ 

The cathode compositions are listed In Table IV along with the efficiency of the electroluminescent cells. The 

with a pure Mg cathode. This efficiency is relatively independent of the choice of the stab.hz .ng H™^""?* 
ranaingfrorr moble metal Ag to semimetal Te. The driving voltages of these cells are generally in the range of 5 
10 vote T Cathodes without the Mg component are inefficient electron injecting contacts providing 
SectroSLSceHs of Sy low efficiencies as shown in Table FV. They also require higher dnving voltage, 
typically above 20 volts (except In. which requires about 10 to 15 volts). 
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Table IV 
EL Efficiency enhancements by 
Binary Cathode Compositions 





Cathode 


Composition 


Efficiency 




Sample 


Mq:X 


Atomic % + 


watt/watt 




1 


Mg: Ag 


8 . 7 


2 . 5 


X 


10 


10 


2 


Mg : In 


11.5 


1.8 


X 


ID" 3 




3 


Mg :Sn 


8.2 


2.5 


X 


-3 
10 

q 






Mg:Sb 


7.2 


2.9 


X 


10 3 


15 


5 


Mg:Te 


9.6 


2.7 


X 


io- 3 




6 


Mg :Mn 


11.5 


2.3 


X 


io- 3 




7 


: Ag 


100 


6.0 


X 


io" 5 


20 


8 
9 


:In 
:Sn 


100 
100 


7.0 
5.0 


X 
X 


io" 4 
io" 5 




10 
11 


:Mn 
:Mg 


100 
100 


0-2 


0 
X 


io" 3++ 


25 


+ 


Atomic % of 


X in cathode 











Reflects variances observed in preparing 
several deposits 



30 



35 



Example 12 Stability Enhancements 

This example Illustrates the extreme ambient Instability of the pure Mg electrode and the relatively good 
stability of the electroluminescent cells having alloyed cathodes. The electroluminescent cells have the 
following configuration: 

Glass/ITO/PC-10(375A)/ ATA-7(375A)/CO-1(625A)/Mg:Ag(2000A) 

The composition of the Mg:Ag cathodes, ranged from 0 to 100 atomic % Ag t Is listed In Table V together 
with the electroluminescent efficiencies at different time intervals after the cells were prepared. Note that the 
initial efficiency of cells with pure Mg cathode varied from 0 (non-functlonaJ cell) to a high efficiency of 0.002 
watt/watt. Such a variation appears to depend on the condition of the vapor deposition. In general, a faster rate 
of Mg deposition ( > 100 A/sec) and a lower chamber pres sure ( < 1Q- 6 torr) during deposition result In more 
efficient electroluminescent cells. In contrast, the use of Mg:Ag alloyed electrodes (up to 50 atomic <Vb Ag) 
allows efficient electroluminescent cells to be reproducibly prepared under various deposition conditions with 
deposition rates ranging from 5 to 100 A/s and chamber pressure from 10~ 6 to 10~ 4 torr. The alloyed Mg:Ag 
film is always smooth and featureless, as shown in Fig. 5. as long as Ag is present in more than 0.1 atomic %. 

The usefulness of Mg:Ag cathodes is clearly reflected in their ambient stabfifty compared with the pure Mg 
cathodes. Regardless of the initial efficiencies, cells with pure Mg cathode suffer from ambient instability, 
presumably due to the fast corrosion of the Mg cathode. In an ambience with a relative humidity of 20% or 
higher, the electroluminescent efficiency may drop by more than an order of magnitude in a matter of a few 
hours due to the excessive development of dark or non-emissive spots in the cell. In contrast, cells having 
Mg:Ag cathode with Ag present in about 1 atomic % or more but below 50% (a preferred range) can retain 
their initial efficiencies for over 200 hours under similar ambience. Table V lists the results of the ambient test 
for a series of cells with different cathode compositions. The variation of efficiencies as a function of time is 
probably due to the development of dark spots to a various degree. 
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TABLE U 

Ambient Stability vs. Mg : Ag Cathode Content 



Sample 
1 
2 
3 
4 
5 
6 
7 
8 



Atomic 
% Ag 
0 
2 
5 
10 
33 
50 
83 
100 



Efficiency watt/watt 



Initial 
O-0.002* 



45 hours 



<1.0 X 10 



.-4 



2 
2 
2 
1 
1 
6 



2 X 10 



.-3 



2.8 X 10 



-3 



4 X 10 



-3 



2.9 X 10 



-3 



5 X 10 



-3 



0 X 10 



-3 



2.9 X 10 
1.0 X 10 



-3 



-3 



3 X 10 
0 X 10^ 



-3 



2.0 X 10 



-3 



3.0 X 10 



-5 



2.0 X 10 



-4 



<1 X 10 



-5 



220 Hours 
0 



1 X 10 



.3 X 
.3 X 
.6 X 
.0 X 
<1 X 



Reflects variances obserued in preparing 
several deposits 



.-3 



8 X 10 



-3 



id" 



10 
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Claims 



1 . An electroluminescent device comprising in sequence, an anode, an organic hole transporting zone, 
an organic electron transporting zone, and a cathode, 

saldSS^e^Xdofalayer consisting essentially of a plurality of metals other than alkaD metals. 
At ipast one of said metals having a work function of less than 4 eV. 

TSi elecVrofuml^escent device according to claim 1 further characterized in that said metal hav^g a 

work function of less than 4 eV includes at least one alkaline earth or rare earth metal. 

An eXoluminescent device according to claim 2 further characterized in that at least one metal 
other than an alkaline earth or rare earth metal is present having a work function o ' ta»ttan A ,eV 

4 An electroluminescent device according to claim 3 further charactenzed in that said one other metal 

13 5 A^eleSmlnescent device according to any one of claims 1 to 4 further characterized in that said 
cathodeincludesatleastonemetalhavingaworkfunctiongreaterthan4eV. 

R An electroluminescent device according to claim 5 further charactenzed .nr thd t at least one metal 
having a work function greater than 4 eV is present chosen from the group consisting of Group III. lb. IV. V 

™7 An elerfralumlnescent device according to any one of claims 1 to 6 further characterized in that said 

TXSKH^"d^ according to any of Cairns 1 to 7 further characterized in that said 

oroanic electron transporting zone is formed of a stilbene or chelated oxinoid compound. 

0 An electroluminescent device according to any one of claims 1 to 9 further charactenzed . .that at 
least one of said metals Is magnesium and at least one other of said metals is chosen from the group 
consisting of aluminum, copper, silver, gold, tin. lead, bismuth, tellunum. ind.um, and antimony 
^ efec roluminescent device according to any one of claims 1 to 10 further charactenzed in that 

sSd cathode?s a iSht transmissive laye? having a thickness of less than 250 Angstroms and a shee 
resistance of less than 100 ohms per square consisting essentially of at least two metals other than alkal. 

me one of said metals being an alkaline earth or rare earth metal having a work function of less than 4 eV 

and at least one other of said metals having a higher work function than said one metal and being present 
in a concentration of from 0.1 to 50 percent of total metal atoms present. 

"1 An electroluminescent device according to any one of claims 1 to 11 further characterized .n that said 
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electron transporting layer is comprised of a vacuum vapor deposited stilbene or chelated oxlnold layer 
and said cathode is a layer vacuum deposited on said electron transporting layer 

13. An electroluminescent device according to any one of claims 1 through 12 further characterized In 
that said electron transporting layer is comprised of an chelated oxinoid compound of the formula: 

(IX) 




wherein 

Me represents a metal ; 

n is an integer of from 1 to 3 ; and 

Z independently In each occurrence represents the atoms completing a nucleus having at least two 
fused aromatic rings. 

14. An electroluminescent device according to any one claims 1 through 13 further characterized hi that 
said device comprises in sequence, 

an opaque anode comprised of a metal having a work function greater than 4 eV, 

an organic luminescent medium consisting of 

an organic hole transporting zone and 

a chelated oxinoid electron transporting zone, and 

a light transmisstve cathode consisting essentially of a vacuum vapor deposited layer havtng a 
thickness of from 50 to 250 Angstroms and a sheet resistance of less than 100 ohms per square 
consisting essentially of magnesium and silver, 

said silver being present in a concentration of from 0.1 to 50 percent, 'based on total magnesium and 
silver atoms present. 

15. An electroluminescent device according to claim 14 further characterized in that said silver is present 
in said cathode layer in a concentration of from 1 to 20 percent of the total metal atoms presortt. 

16. An electroluminescent device according to any one of claims 1 to 15 further characterized In that said 
organic luminescent medium has a thickness of less than 1 micrometer. 

17. An electroluminescent device according to any one of claims 12 to 16 further characterized ki that 
said chelated oxinoid compound is aluminum trisoxine. 
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